A morphodynamic model has been developed to gain more fundamental knowledge about the formation of transverse finger sand bars. The model describes the feedback between waves, rollers, depth-averaged currents and bed evolution, so that self-organized processes can develop. The wave and bathymetric conditions measured at Egmond site are firstly applied and the modeled longshore current and wave height are compared with field data of that beach. Subsequently, the wave and bathymetric conditions measured at Noordwijk site are used to compare model results with the up-current oriented bars observed there. Realistic positive feedback leading to formation of the observed bars only occurs if the resuspension of sediment due to bore turbulence is included in the model. The modeled wavelength, crest orientation and growth rate agree with data but the model overestimates the migration rates.
Introduction
Patches of transverse sand bars have been observed in the surf zone of several beaches, spaced with a remarkable alongshore periodicity (from 15 to 200 m). These bars are thin and elongated accumulations of sand attached to the shoreline, which extend inside the surf zone with a shore-normal or shore-oblique orientation. They emerge on gently sloping beaches (slope<0.02), both in microtidal sheltered areas (e.g. Gelfenbaum and Brooks, 2003) and on mesotidal more energetic open coasts (e.g. Konicki and Holman, 2000) . A patch of transverse bars with a wavelength of 45 m, observed during August and September 2002 at Noordwijk beach (the Netherlands), is shown in figure 1 (see Ribas and Kroon, 2007) . These types of bars were named 'transverse finger bars' in order to emphasize the differences with other types of transverse bars, like those in the 'Transverse bar and rip state' of Wright and Short (1984) . The latter were a result of the welding to the shore of a crescentic bar, a different origin from that of the bars at Noordwijk. Konicki and Holman (2000) and Ribas and Kroon (2007) used hourly time-averaged video-images to describe the characteristics of transverse finger bars in Duck (USA) and in Noordwijk (the Netherlands), respectively (figure 1). One to three shore-parallel subtidal bars are very often present in these beaches, sometimes showing a crescentic shape (van Enckevort et al. 2004) . The detected bars were most often located inside the trough of the inner bar, attached to the low-tide shoreline. That is why Konicki and Holman (2000) named them `trough bars'. Both the percentage of days with patches and the number of bars per patch were significantly larger in Noordwijk. The overall averaged wave length was 39 m in Noordwijk bars and 79 m in Duck `trough bars'. In Noordwijk, bar crests deviated from the shore-normal by some 30 o and bar patches migrated as a whole at rates up to a few tens of meters per day. Ribas and Kroon (2007) also correlated the characteristics of Noordwijk bars with the hourly wave conditions (measured by an offshore buoy at 18 m water depth). Bar patches migrated in the direction of the longshore current and bar crests deviated from the shore-normal in the up-flow direction (`up-current orientation'). Wave conditions detected in Noordwijk during bar presence were characterized as intermediate waves (root mean square wave height, H rms ≈ 0.75 m) with large angles of incidence with respect to the shore-normal ( off ≈ 50 Figure 1 . Patch of transverse finger sand bars observed at Noordwijk beach on 27 august 2002. In this planview, built from a combination of five time-averaged oblique images from video cameras, the white stripes are due to preferential wave breaking on the shallows and indicate nearshore bar presence. Waves come from the bottom left corner.
A possible explanation for the formation of this type of transverse finger bars is based on the concept of morphodynamic self-organization. Topographic perturbations superimposed on an alongshore uniform beach induce hydrodynamic perturbations, which can lead to convergence of sand transport over the bars, hence producing a positive feedback. Linear stability analysis is a useful tool to investigate the possible feedbacks, yielding information about the shape, the growth rate and the migration speed of the initially emerging modes. It also allows for a systematic exploration of the sensitivity of bar characteristics to the beach conditions and to the model formulation of different physical processes. Nonlinear models are used to describe the finite-amplitude features and verify the results of the linear stability analysis. Several selforganization models for transverse bar formation have been developed in the last years (Ribas et al. 2003; Ribas et al. 2005; Garnier et al. 2006) . They demonstrated that self-organization can explain bar formation since the computed topographic patterns resemble transverse bars in nature. However, the predicted shapes (orientation of oblique bars with respect to the longshore current) and the time scales for growth and migration strongly depended on the specific description of wave propagation and sediment transport. Performing a quantitative comparison with field observations is essential to test these models, verify the available predictions for bar characteristics and clarify the remaining open questions.
The study of Ribas and Kroon (2007) used the field observations at Noordwijk to test the predictions of the existing idealized self-organization models for transverse bar formation. Considering that Noordwijk bars were up-current oriented and that they emerged during periods of clearly oblique wave incidence, only the 'bed-flow mechanism', first described by Ribas et al. (2003) , remained as a viable explanation for their formation. Their crucial assumption is related to the cross-shore distribution of the depth-averaged volumetric sediment concentration, C da . Only when C da decreases seaward in the inner surf zone, upcurrent oriented bars can emerge. As explained in Ribas et al. (2003) , the `bed-flow coupling' is dominant in case of  off larger than some 10 o , the presence of strong longshore currents being essential. The growing bars locally modify the longshore current, which veers towards the direction of maximum topographic gradient due to mass conservation. Hence offshore deflection takes place over up-current oriented bars. Positive feedback only occurs if C da decreases seaward because this enhances the convergence of sediment flux in offshore-directed flows. Ribas et al. (2003) presented a simplified model that included the bed-flow mechanism and predicted the formation of up-current oriented bars. It was based on linear stability analysis and a highly-idealized formulation for the beach geometry (constant sloping beach), the wave transformation (regular wave height and no shoaling effects) and the sediment transport (spatially uniform depth-integrated sediment concentration). A more accurate wave transformation was included in Ribas et al. (2005) , with random wave heights and shoaling effects, and the up-current bars remained as a robust outcome. Finally, Garnier et al. (2006) studied the non-linear temporal evolution of up-current oriented bars. The wave transformation was similar to that of Ribas et al. (2005) , the sediment transport included a spatially uniform depth-integrated concentration and the initial beach profile was constant sloping. The modeled bars emerged and reached finite amplitudes at values around 30 cm.
The aim of the present contribution is to model and understand the role of surface rollers on the formation of up-current oriented surfzone bars using a more realistic model. In particular, the cross-shore distribution of C da should come from a physical model that describes the stirring of sediment by waves and currents. Rollers can play a crucial role because they create turbulent bores that can lead to significant sediment resuspension in the inner surf zone. This may give a cross-shore distribution of C da that could explain the formation of up-current bars. Including the roller dynamics also allows to properly describe the cross-shore distribution of the longshore current (Ruessink at al., 2001) . We use the up-to-date selforganization model described in Calvete et al. (2005) , based on stability analysis, after extending it to include rollers and turbulent resuspension in the inner surf zone.
Before modeling the formation of nearshore bars, it is important to validate the reference basic state with field data (especially the cross-shore distribution of the longshore current). Thereby, the first step of the present study, performed in section 3, is applying the model to the conditions measured at Egmond beach (the Netherlands) in order to compare the modeled reference longshore current and wave height with field data collected there on autumn 1998 (field measurements of these quantities are not available at Noordwijk site). A detailed model-data comparison using these Egmond data was also performed by Ruessink et al. (2001) and they concluded that including the rollers was essential to reproduce the correct cross-shore location of the longshore current maximum. In section 4, the model is applied to the conditions measured at Noordwijk beach during the observation of up-current oriented bars on August-September 2002.
Model
The model describes the feedback between wave and roller dynamics, depth-averaged currents and bed evolution, so that self-organized processes can develop. The y (or x 2 ) axis is chosen to coincide with the rectilinear shoreline, the x (or x 1 ) axis points in the seaward direction and the z axis points upwards.
Hydrodynamics
Waves are assumed to have a narrow spectrum in frequency and angle. Their heights are supposed to be random and follow the Rayleigh distribution, characterized by the root mean square wave height, H rms (wave energy being E = gH 2 rms /8, where  is the water density and g is gravity). When waves approach the coast, their evolution is described using linear wave theory, which yields expressions for the wave properties such as the radiation stresses, S w ij , the root mean square wave orbital velocity amplitude, u rms , and the two components of the group and phase velocity, c gi and c i . The dispersion relation for the intrinsic wave frequency is also computed with the standard linear wave theory. When introducing the Doppler shift to relate the intrinsic frequency to the absolute frequency, , the following relation is obtained,
Here, K i are the two components of the wave number, v i are the two components of the depth-averaged fluid velocity and D = z s -z b is the water depth, where z s is the mean free surface elevation and z b is the sea bottom level. Steady conditions are assumed,  = constant. Equation (1) is finally rewritten in terms of the wave phase , from which K i and thereby  can be computed. This equation describes the refraction of the waves due to both topography and currents. More complex processes in wave propagation, like wave diffraction, are not accounted for. Wave energy balance is described with a wave-and depth-averaged equation (with wave-current interactions),
The energy dissipation rate due to wave breaking, D w , is parameterized using the two following different 
where B is a dissipation parameter describing the type of breaking and  b is the coefficient of saturation condition (i.e., the expected saturation value of H rms /D). The formulation D w a is the one developed by Thornton and Guza (1983) . Church and Thornton (1993) (Thornton and Guza, 1983; Church and Thornton, 1993 in (4). The energy dissipated by breaking feeds the surface rollers, i.e. the aerated mass of water located on the shoreward face of breaking waves. The wave-and depth-averaged roller energy balance is an extension of the one proposed by Reniers et al. (2004) ,
where E r is the energy of the roller and S r ij are the radiation stresses due to roller propagation computed following Svendsen (1984) . Finally, the roller energy dissipation rate, D r , is modeled following Ruessink et al. (2001) , with a standard value for the slope of the roller/wave front, =0.05. Wave conditions are prescribed offshore (H rms,off ,  off and =2/T p , where T p is the peak period), where E r is assumed to be zero.
The offshore boundary is located at the water depth where the buoys are located in the corresponding sites (16 m depth at Egmond site and 18 m depth at Noordwijk site). The large-scale fluid motions are governed by the wave-and depth-averaged mass and momentum balance equations, where the radiation stresses due to both wave and roller propagation are included, , ,
, ,
where,  bi are the bed shear stresses, and S t ij are the turbulent Reynolds stresses. The bed shear stresses are parameterized following the generalized equation developed by Feddersen et al. (2000) , which we have extended to model the effect of a 2-dimensional flow,
where, c D is the drag coefficient. According to Feddersen et al. (2000) and Ruessink et al. (2001) , this empirical parameterization adequately represents the shear stresses for the random wave field at both Duck and Egmond beaches, respectively. The drag coefficient c D is the dimensionless friction coefficient due to current and waves and is assumed to vary with depth following the Manning-Strickler law (Soulsby 1997) , where the bed roughness, k a , is assumed to be constant in time and space. The default value for the bed roughness is k a = 0.022 m, a value obtained by Ruessink et al. (2001) after calibration with Egmond data. The turbulent Reynolds stresses, S t ij in equation (7), are modeled with the standard eddy viscosity approach. The lateral turbulent mixing coefficient is directly linked to the roller energy dissipation (the main source , where M = 1. The fluid velocities are imposed to vanish at both the coastline and the offshore boundary. Also, the free surface elevation must vanish far offshore.
Sediment transport
Conservation of sediment mass yields the bottom evolution equation
2 , 1  j with p=0.4 being the porosity of the bed and q i the two components of the wave-and depth-averaged volumetric sediment transport (m 2 /s). A widely accepted formulation for q i in the nearshore is that of Soulsby and van Rijn (Soulsby, 1997) . Their original expression has been extended to model the effect of a 2-dimensional flow and the preferred downslope transport of the sand,
where C di is the depth-integrated volumetric sediment concentration. The bedslope coefficient  is modeled following Calvete et al. (2005) ,  = u rms . The corresponding term accounts for the tendency of the system to smooth out the sea bed perturbations, h, if the latter do not cause positive feedback into the flow. We have also extended Soulsby and van Rijn formula to include the extra contribution to C di due to the stirring of sediment created by the bore induced turbulence,
where u crit is the threshold flow intensity for sediment transport, the parameter A s accounts for the sediment properties, w s is the sediment fall velocity, s=2.65 is the relative density of the sediment and  bor is the suspended load efficiency related to bore-induced turbulence (i.e., the fraction of the total power produced by turbulent motion that is expended in sediment resuspension, assumed to be constant). In the original Soulsby van Rijn formula, C di was assumed to be a result of the shear stresses produced in the bottom boundary layer of the wave orbital velocity and the depth-averaged currents (first term in equation 11). The SvR-formula was tested to be accurate in the shoaling domain, at water depths of the order of 5 m (Soulsby, 1997) . However, in the inner surf zone (depths < 1 m), where u rms and the longshore current decay, other processes like bore propagation and the created turbulence also produce significant sediment resuspension (Voulgaris and Collins, 2000; Butt et al., 2004) . In the present study, the second term in equation (11) has been added to allow inclusion of these other possible processes. We follow Roelvink and Stive (1989) , who assumed that this extra C di was proportional to the dissipation of roller energy (similary also to Kobayashi et al., 2008) , where the suspended load efficiency  bor was of O(10 -2 ). By varying  bor , we can change the strength of the sediment resuspension due to bore induced turbulence. A default value  bor =0.025 is used, 
Methodology
The equations (1), (2), (5), (6), (7) and (9), which govern this morphodynamic system, together with the parameterizations used, define a closed dynamical system for the variables v 1 , v 2 , z s , E, E r ,  and z b . The stability analysis approach to the formation of bars by self-organization starts by defining a steady and alongshore uniform basic state (i.e., without longshore rhythmic topography). In this study, we used reference profiles, z 
where  is the longshore wavenumber and  a complex growth rate. By inserting equation (12) 
Modelling the longshore current and wave height distributions
In order to validate the reference basic state, the model was firstly applied to the conditions measured at Egmond beach (the Netherlands) during an intense field campaign performed in October and November 1998. No measurements of the distribution of the longshore current and the wave height were available for Noordwijk site. Egmond site is a very similar beach (located only some 50 km northward from Noordwijk). Alongshore irregularities were present in the Egmond bathymetry during the whole campaign but they were less pronounced during the first ten days (Ruessink et al., 2001 ). These days were thereby more adequate to compare with our alongshore uniform results. In particular, we selected three specific bursts of data with offshore H rms,off of the order of 1 m, in order to be in the range of wave conditions needed for transverse bar formation (table 1) . These bursts were also selected by Ruessink et al. (2001) , and including the rollers (dotted lines). The default value was used for the rest of the model parameters.
Taking the roller dynamics into account is essential in order to accurately reproduce the cross-shore distribution of V o , as arises from a comparison of the solid lines and the dot-dashed lines in the three figures. This result agrees with that of Ruessink et al. (2001) . Including the roller dynamics causes a lag between the dissipation of wave energy and the transfer of momentum to the water column, and thus an onshore shift in the location of the maximum wave forcing and the maximum longshore current (Svendsen, 1984) . The effect of varying the formulation for the wave energy dissipation is less strong. In bursts 9156 and 9180, the cross-shore distribution of both H o rms and V o is very similar for the two formulations used, at least in the locations of the six shallower measuring points (over the inner bar and trough). However, the longshore current V 
Modeling the formation of up-current oriented bars
After the validation of the basic reference state, the model was applied to the specific wave and bathymetric conditions measured at Noordwijk during the up-current bar event that occurred in August The lower panel in figure 6 displays the shape of the topographic perturbation corresponding to this fastest growing mode. In this panel, waves approach the coast from the bottom left corner so the induced mean longshore current is directed from left to right. The small arrows indicate the main trend in the deviations of the longshore current due to the hydrodynamic circulation induced by the growing bars. As can be seen, the solution consists of a patch of up-current oriented bars, whose crests deviates some 60 o from the shorenormal, with current perturbations deflecting offshore over their crests. In order to visualize the final shape of the bottom, the reference profile, z o b , should be added. The same applies to the flow: the longshore current V o should be added to the perturbations of the velocity to obtain the total flow.
The predicted wave length is in good agreement with the observed event-averaged value, =45 m (Ribas and Kroon, 2007) . The angle of deviation of the bar crests from the shore-normal is smaller in the observations, with values of some 30 o (see figure 1) . The predicted migration rate is some 3 times larger than the maximum rate detected in the field and one order of magnitude larger than the event-averaged rate (22 m/d and 3.8 m/d, respectively). Measuring the growth rate of the bars observed in the field was not possible due to the nature of the detection technique (video imaging). However, it could be established that bar emerged in less than 1 day, well within the modeled time for growth. The similarities between the model results and the Noordwijk bars indicate that the bed-flow interaction, first described in Ribas et al. (2003) , might cause the development of transverse bars in Noordwijk, and that the bore induced resuspension can be an explanation for the cross-shore distribution of C o da needed to obtain bar formation. 
Conclusions
The roller dynamics play an essential role in the formation of up-current oriented bars for two reasons. Firstly, they cause an onshore shift in the location of the maximum wave forcing and hence of the peak of the longshore currents. Only when they are included, the modeled cross-shore distribution of the longshore current accurately compares with measured data at Egmond site. Secondly, the rollers create turbulent bores that can lead to significant sediment resuspension in the inner surf zone. This gives a cross-shore distribution of the depth-averaged volumetric sediment concentration that can explain the formation of upcurrent bars at Noordwijk site.
Indeed, realistic positive feedback leading to formation of bars like those observed only occurs if the stirring of sediment due to bore turbulence is included in the model. In that case, the depth-averaged sediment concentration decreases seaward across most of the inner surf zone, which, in combination with an offshore-directed flow over the bars, leads to accumulation of sediment in the crest areas. The upcurrent oriented shape, the wavelength (around 50 m) and the growth rate (of the order of half a day) of the modeled bars are in good agreement with observations at Noordwijk. However, modeled migration speeds (several tens of meters per day) are significantly higher than those measured in the field.
